Theoretical interpretation is proposed for the inhomogeneous broadening of the infrared line shapes of high harmonics of hydrogen containing modes observed by the optoacoustic and thermal lensing spectroscopy in the liquid phase of benzene and other organic transparent liquids. Attention is focused on the experimental fact that both line width and asymmetry factors of the harmonic series increase linearly with the harmonic number for which fact no satisfactory theoretical understanding was still available. This interpretation is based on recently proposed new approach to separation of electronic and nuclear movements accounting for the finite velocity of the π e l e c t r o n i c c l o u d o f v i c i n a l m o l e c u l e s a n d i t s r e t a r d a t i o n i n f o l l o w i n g t h e protonic motion. This retardation leads to the time dependence of molecular oscillator which may be viewed as anharmonic. The experimental results concerning the linear increase in the line width and the asymmetry factor with increasing order of the harmonic are well represented.
Introduction
Development of new experimental methods in spectroscopy [1] now allows a precise determination of absorption strengths and profiles of high harmonics of vibrational modes, properties unaccessible before by the classical spectroscopic measurements. In particular, the optoacoustic methods [1] [2] [3] and thermal lensing spectroscopy [4, 5] allowed recently to determine infrared (IR) profiles of high harmonics (n = 6 to 8) of hydrogen containing modes in transparent liquids (benzene).
Importance of high overtones of hydrogen containing vibrational modes in different fields of photochemistry is well recognized. Highly excited stretching vibrations are the principal accepting modes in the radiationless transitions in polyatomic molecules and recent research activity concerning mode selectivity in unimolecular reactions points out [6] importance of these modes in dissociation of remote bonds and vibrational energy redistribution in weakly bounded complexes. (495) High overtones of hydrogen containing modes in organic liquids (benzene, naphtalene etc.) involve broadened asymmetric absorption profiles. More precisely, the width and the asymmetry are observed to be linearly increasing with the overtone number. As pointed out in the literature [1] , no theoretical understanding of these functional dependences was available and to the best of our knowledge these linear functional dependences remain still unexplained. More interesting is the fact that neither of the two basic classes of the relaxation theories in liquids [7] seems to be applicable to this observation.
On the one hand, the gas-like isolated binary collision models do not seem applicable as in gas phase the absorption profiles are symmetric, narrow and decrease in width with increasing n [2] .
On the other hand, the weak coupling theories (weak coupling of the vibrational degrees of freedom to the bath, e.g. translations and rotations) also cannot explain the observed line width dependence on n because dilution with CCl4 (which keeps coupling with the bath unchanged) diminishes the width and makes the asymmetry disappear [1] .
Indeed, these spectral properties of organic liquids are intriguing, as compared with the gas phase where profiles are symmetric, narrow and decrease in width with increasing n. In view of this sharp contrast, Patel and Tam [1] have concluded that these spectral properties are mainly caused by the proximity of other benzene molecules. In order to explain this sharp contrast the spatial anharmonicity of the C-H oscillators can be neglected as there is no reason why this anharmonicity should be different in liquids as compared with the gas phase.
We consider that the reason of the observed linear increase in the line width and asymmetry factor with respect to the harmonic number in pure liquid phase, is another anharmonicity, we shall call it dynamical, which results from some time retardation in the interaction between the proton of the C-H bond of a first molecule and the π electronic cloud of a neighbor one. Since π electrons are weakly bonded, they may be viewed as slow with respect to usual bonding electrons such as the o-ones. As a consequence of this slow velocity, some retardation will appear for the Tr electronic cloud of the second molecule in following the motion of the proton involved in the C-H bond of the first molecule. This retardation will lead, in the framework of the new approach, to separation of electronic and nuclear movements [8] to write the Hamiltonian of the C-H oscillator initially considered as harmonic to be time-dependent and may be viewed after Fourier transform as anharmonic. This dynamical anharmonicity is at the origin of the explanation which we propose for the observed asymmetry and for the linear increase in the asymmetry factor with respect to the harmonic number.
Retarded molecular oscillator
Recently a new approach to the separation of nuclear and electronic motions in molecular quantum mechanics has been proposed [8] accounting for the finite velocity of an electron and its retardation in following the nuclear motions.
In the standard Born-Oppenheimer approximation the potential energy for the nuclear movement (in appropriate dimensionless units) results from immediate electronic adjustment to any nuclear position (electron "sees" only the nuclear position but no nuclear velocity). The real delay in adjustment compared with the q coordinate in (1) is simply given by q (in dimensionless units, and with time units t = ω t') An interaction representation for separation of nuclear and electronic motions accounting for the time dependent nuclear coordinates (2) leads [8] to the following Hamiltonian of a linear molecular oscillator:
For mean electronic velocity v -> oo, κ -> 0 and (6) reduces to its standard Born-Oppenheimer form.
To determine the IR spectra of an oscillator described by Hamiltonian (6), it is convenient to write (6) in a different form resulting from transition to the creation and destruction operators Equations (16)-(18) now allow us to diagonalize (9) by the method of successive approximations. For this aim we put, for t = 0, τ1(0) = τ2(0) = O and τ3(0) # O. Then from Eas. (161-(181. we obtain respectively where in L are the terms of fourth and higher orders in t, and in this way we may diagonalize (9) to any desired order of approximation.
As the potential energy in Eq. (1) is harmonic and transformation to the delayed coordinate (2) linear in time, therefore it is reasonable to retain in Hamiltonian (22) terms quadratic in time and neglect those of higher orders.
Hamiltonian (6) can be also diagonalized by the standard Bogolyubov method which we did before in another context [9] . We use here the method of successive approximations in terms of the Lie algebra of the SO(2,1) group which has here an advantage over the Bogolyubov method.
For |κ|< 1, it leads to an analytical form of the spectral density and the same procedure in terms of another realization of the Lie algebra of SO(2,1) group allows us to diagonalize the electronic interactions [8] . It makes also clear that for
| κ | > 1 , i n s t e a d o f τ 3 t h e τ 1, τ 2 o p e r a t o r s s h o u l d b e d i a g o n a l i z e d w h i c h l e a d s t o the new coherent states [10].

The infrared absorption spectrum
The infrared absorption line-shape function I(Ω) is the Fourier transform of the autocorrelation function of the dipole moment operator µ(t), which, in appropriate units, equals the nuclear coordinate q(t)
Practical considerations
It may be observed that the spectral density as given by Eq. (42) is involving a divergence for high frequencies because of the presence of the first derivative Ai' of the Airy function. Besides, our calculations with the use of Eq. (42) account also only for the inhomogeneous part of the spectral broadening (leaving therefore as constant background of the usual small symmetric broadening observed [1] at the infinite dilution of benzene by an inert solvent (CCl 4 )). Therefore, in view of this last remark, we may introduce a finite natural lifetime through a phenomenological damping parameter y, in order to remove the divergence related to the derivative of the Airy function.
More precisely, in place of the Fourier transform Fn (κ,Ω) given by Eq. (30) we shall consider another one Fn (κ,γ,Ω) involving damping and given by This Fourier transform will be performed numerically, leading then to the spectral density through Figure 1 presents the measured absorption profiles at n = 6 to n = 8 overtones of CII stretch in liquid benzene obtained by the laser optoacoustic spectroscopy [2] . Then, Fig. 2 gives that obtained for deuterated benzene-d5, for n = 6 Fig. 1 . Measured absorption profiles of the n = 8 to n = 6 harmonics of the C-H stretch in liquid benzene by laser optoacoustic spectroscopy (from Ref. [2] , Fig. 1 with the permission of the authors). Fig. 2 . Thermal lensing absorption spectrum of benzene-d5 (from Ref. [5] , Fig. 2 with the permission of the authors). Table I ). (b) Asymmetry factor A n (ratio of the half-width on the high frequency side of the peak to the half-width on the low frequency side of the peak) versus the n-th harmonic of the C-H stretch in liquid benzene (from the data in Ref. [2] , p. 1472). by the thermal lensing spectroscopy [5] . Very characteristic asymmetry of the absorption profiles for CH stretch and the local mode character of these vibrations are clearly visible. Figure 3a presents the observed line width Wn (full width at half maximum divided by the fundamental frequency ω 1 = 3054 cm-1 ) and Fig. 3b gives the asymmetry factor An (ratio of the half-width on the high frequency side of the peak to the half-width on the low frequency side) for the n-th harmonic of CH stretch in liquid benzene as a function of n. The displayed dependence is clearly a linear one.
Comparison of experimental and theoretical spectra
The theoretical IR absorption profiles for n = 6, 7, 8 were calculated for κ = 0 . 1 ( i n h ω u n i t s ) a n d γ / ω = 0 . 1 5 , f r o m ( 4 3 ) a n d ( 4 4 ) . I n F i g . 4 a i s g i v e n a n example of band profile for n = 8 and in Fig. 4b is shown the same profile after smoothing the numerical curve by a standard procedure, in order to make easier the measure of the line width. on the fundamental frequency w) as a function of the n-th harmonic; (b) Theoretical asymmetry factor A n (ratio of the half-width on the high frequency side of the peak to the half-width on the low frequency side of the peak) versus the n-th harmonic. Figure 5a shows the linear regression versus n of the theoretical line widths Wn (full width at half maximum divided by the fundamental frequency ω = 1) and Fig. 5b the corresponding theoretical asymmetry ratio A n , for n = 5 to 8.
As it appears, the theory is well reproducing the experimental linear dependences on n of the line width and of the asymmetry.
Conclusion
The main results of the spectral observations, i.e. the linear increase with the overtone number of the asymmetry and width of the absorption profiles were therefore reproduced by our model of a retarded molecular oscillator. This reproduction was obtained as function of the retardation parameter K, whose numerical value was not calculated here theoretically. This, by (5), would require a very high quality of the electronic wave function to obtain the average electronic velocity value. There is a much more convincing argument for the validity of our model: isotopic substitution of hydrogen by deuterium which, by (5), changes the parameter κ and modifies in an appropriate way the theoretical linear dependence. Unfortunately, we were not able to find the corresponding deuterated spectra in the literature.
New experiments in the same conditions as in Refs. [1, 2] , but with deuterium substituted species would provide results very helpful for understanding the nature of the observed spectral behavior.
